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Hemoglobin (Hb) continuously undergoes autoxidation producing superoxide which
dismutates into hydrogen peroxide (H2O2) and is a potential source for subsequent
oxidative reactions. Autoxidation is most pronounced under hypoxic conditions in the
microcirculation and for unstable dimers formed at reduced Hb concentrations. In
the red blood cell (RBC), oxidative reactions are inhibited by an extensive antioxidant
system. For extracellular Hb, whether from hemolysis of RBCs and/or the infusion of
Hb-based blood substitutes, the oxidative reactions are not completely neutralized by
the available antioxidant system. Un-neutralized H2O2 oxidizes ferrous and ferric Hbs to
Fe(IV)-ferrylHb and OxyferrylHb, respectively. FerrylHb further reacts with H2O2 producing
heme degradation products and free iron. OxyferrylHb, in addition to Fe(IV) contains a
free radical that can undergo additional oxidative reactions. Fe(III)Hb produced during Hb
autoxidation also readily releases heme, an additional source for oxidative stress. These
oxidation products are a potential source for oxidative reactions in the plasma, but to a
greater extent when the lower molecular weight Hb dimers are taken up into cells and
tissues. Heme and oxyferryl have been shown to have a proinflammatory effect further
increasing their potential for oxidative stress. These oxidative reactions contribute to a
number of pathological situations including atherosclerosis, kidney malfunction, sickle
cell disease, and malaria. The toxic effects of extracellular Hb are of particular concern
with hemolytic anemia where there is an increase in hemolysis. Hemolysis is further
exacerbated in various diseases and their treatments. Blood transfusions are required
whenever there is an appreciable decrease in RBCs due to hemolysis or blood loss.
It is, therefore, essential that the transfused blood, whether stored RBCs or the blood
obtained by an Autologous Blood Recovery System from the patient, do not further
increase extracellular Hb.
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INTRODUCTION
The functional role of Red Blood Cells (RBCs) is the transport
of oxygen from the lungs to the tissues providing the oxygen
required by all cells and tissues. Hemoglobin (Hb) accounts
for 95–97% of the cytosolic proteins inside the RBC, and the
reversible binding of oxygen to Hb provides the mechanism for
oxygen transport by the RBC. Oxygen binds to Hb in the lungs
at high partial pressures of oxygen and is released to the tissues at
reduced partial pressures of oxygen in themicrocirculation. There
is, however, a continuous slow autoxidation of Hb when bound
to oxygen producing superoxide that converts functional Hb-
Fe(II) into oxidized Hb-Fe(III), which no longer binds oxygen
(Equation 1).
Hb-Fe(II)O2 ↔ Hb-Fe(III) + O·−2 (1)
Hydrogen peroxide (H2O2) is produced during Hb autoxidation
by the spontaneous and enzyme driven dismutation of superoxide
(Equation 2).
2O·−2 + 2H+ → H2O2 + O2 (2)
In an intact RBC there are enzymes that reduce oxidized Hb
back to functional Fe(II)-Hb. In addition, the reactive oxygen
species (ROS), H2O2 and superoxide, are neutralized by the
extensive RBC antioxidant system involving both non-enzymatic
low molecular weight antioxidants like glutathione, Vitamin E,
and ascorbic acid and enzymatic antioxidants including super-
oxide dismutase, catalase (Gonzales et al., 1984), glutathione
peroxidase (Nagababu et al., 2003), and peroxiredoxin-2 (Lee
et al., 2003; Nagababu et al., 2013). Considering the large pool
of Hb and the constant slow autoxidation reaction, the intact
RBC protects the body from a potential major source of oxidative
stress.
The only non-neutralized ROS generated by intact RBCs
involves the small fraction of Hb that binds to the RBC mem-
brane. ROS generated near themembrane are less accessible to the
cellular antioxidant system, which is primarily located in the cyto-
plasm. Furthermore, these ROS are being generated where they
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can damage the RBC membrane and/or be released from the cell
to damage other cells and tissues.
The contribution of hemoglobin-membrane interactions is
amplified in the microcirculation where Hb is partially oxy-
genated. Partial oxygenation results in a Hb conformational
change that produces a dramatic increase in the rate of autox-
idation and the affinity of Hb for the RBC membrane (Cao
et al., 2009). The increased autoxidation of cytoplasmic Hb and
subsequent generation of ROS can still be neutralized by the
cytoplasmic antioxidant system. However, partial oxygenation
produces a significant increase in the formation of ROS at the
membrane. The potential source for oxidative stress involving
membrane binding is, nevertheless, limited by the fact that even
under optimal conditions less than 1% of the intracellular Hb can
interact with the membrane at any time.
EXTRACELLULAR HEMOGLOBIN AS A SOURCE FOR
OXIDATIVE STRESS
Extracellular Hb, whether originating from hemolysis of RBCs
or the infusion of cell-free Hb-based blood substitutes, can be a
major source for oxidative stress. Under normal conditions this
potential source of oxidative stress is minimized by haptoglobin
and hemopexin, which bind Hb and free heme, respectively. They
inhibit the oxidative reactions of Hb and heme and facilitate their
removal from circulation. Elevated levels of free extracellular Hb
and heme, which cannot be neutralized by reacting with hap-
toglobin and hemopexin, have been shown to produce multiple
adverse clinical effects.
Themechanisms for these pathophysiological effects have been
extensively discussed. A great deal of interest in recent years has
been directed at the reaction of NO with Hb (Rother et al.,
2005), which reduces the level of NO available for many essen-
tial functions. These include regulation of vascular tone, smooth
muscle relaxation, neutrophil adhesion to endothelial cells (EC)
and platelet activation. The scavenging of NO by extracellular Hb
clearly has significant pathological effects.
However, the pathological effects involving oxidative reactions
of extracellular Hb also need to be considered.
INCREASED AUTOXIDATION
The oxidative reactions, which occur in RBCs, are greatly ampli-
fied at the membrane site where intracellular antioxidant system
becomes inefficient. The potential oxidative stress resulting from
extracellular Hb is further exacerbated by a dramatic increase in
rates of autoxidation for partially oxygenated Hb formed in the
microcirculation, as well as an increase in the rate of autoxida-
tion of Hb dimers formed when the Hb tetramer dissociates into
dimers (Figure 1) at the reduced Hb concentration in plasma
(Zhang et al., 1991). The lower molecular weight of Hb dimers
also facilitates the translocation of Hb from the circulation to the
vasculature and other tissues sensitive to Hb oxidative reactions
(Figure 1).
With extracellular Hb we not only need to deal with the autox-
idation reaction and the resultant formation of superoxide and
H2O2, but we need to consider the secondary oxidative reactions
involving reactions of H2O2 with Hb. It has also been shown that
a direct reaction of H2O2 with the iron of Fe(II)-hemoglobin can
undergo a Fenton reaction producing the highly reactive hydroxyl
radical (Equation 3) (Sadrzadeh et al., 1984).
H2O2 + Fe(II) → ·OH + OH− + Fe(III) (3)
The potential significance of this reaction is indicated by the
reported detection of hydroxyl radicals in sickle erythrocytes
(Hebbel, 1985). Because of their high reactivity any formation of
hydroxyl radicals can produce cellular and tissue damage.
SECONDARY OXIDATION REACTIONS INVOLVING RELEASE OF HEME
AND FORMATION OF FERRYL HEMOGLOBINS
The two electron oxidation of Fe(II)-Hb by H2O2 (Equation 4)
produces the Fe(IV)-ferrylHb (Figure 1).
Hb(II) + H2O2 → Hb(IV)=O (4)
Although the ferrylHb can be a source for oxidative damage, toxic
effects due to reactions of ferrylHb have not been demonstrated.
However, ferrylHb has been shown to react with an additional
molecule of H2O2 (Equation 5)
Hb(IV)=O + H2O2 → Hb(III) + O·−2 → heme degradation
products + Fe(III) (5)
resulting in the degradation of the heme and the release of flu-
orescent heme degradation products and free iron (Figure 1)
(Nagababu and Rifkind, 1998, 2000). An increase in these heme
degradation products has been shown to indicate an increase in
oxidative stress (Nagababu et al., 2008a,b), even though specific
toxic reactions involving these products have not been estab-
lished. However, increased Fenton chemistry involving free iron
has been well established (Winterbourn, 1995) and the reported
increase in free iron for various pathologies, may have originated
from this heme degradation reaction (Nagababu and Rifkind,
1998).
The increased formation of superoxide and H2O2 due to
autoxidation of extracellular Hb, also results in the oxidation
of the functional ferrous Hb to Fe(III)metHb (Equation 1).
Although high concentrations of metHb (hemoglobinuria) are
associated with renal dysfunction (Tracz et al., 2007), direct
pathological effects of Fe(III)Hb have not been established.
However, the heme, which has a lower affinity for metHb than
ferrous Hb dissociates from metHb (Bunn and Jandl, 1968)
(Figure 1). Heme, a low molecular weight hydrophobic molecule
is taken up by cell membranes, plasma proteins, and lipids. Its
reaction with low-density lipoproteins has been reported to pro-
duce the more toxic oxidized low-density lipoprotein (Balla et al.,
1991). Associated with plasma proteins like albumin it is also
trans-located to various tissues (Schaer et al., 2013), where it
can further generate toxic effects. Heme can bind to certain
receptors, transcription factors, and enzymes. These interactions
can alter cellular function, metabolism, and gene transcription.
The altered gene transcription is the basis for a heme induced
proinflammatory effect (Figure 1) (Wagener et al., 2001b).
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FIGURE 1 | Scheme illustrating the various reactions that take place with extracellular hemoglobin.
The two electron oxidation of Fe(III)Hb by H2O2 produces
oxyferrylHb
Hb(III) + H2O2 → ·Hb(IV)=O + H2O (6)
The oxyferrylHb is unstable with the unpaired electron migrat-
ing to the globin with the formation of radicals involving tyr-24,
tyr-42, and his-20 of the alpha chain and tyr-35, tyr-130, and
cys-93 of the beta chain (Deterding et al., 2004). These products
are highly reactive and have been shown to produce crosslinked
Hb multimers (Nagy et al., 2010). OxyferrylHb, like metHb,
has been shown to release heme. However, oxyferryl and/or the
resultantmultimers without dissociating heme act as a proinflam-
matory agonist attacking the vascular endothelium (Silva et al.,
2009).
Both heme and oxyferrylHb have been reported to be proin-
flammatory agonists (Figure 1) resulting in the activation of
the redox sensitive transcription factor NF-κB. However, two
different pathways are involved. The proinflammatory effect of
oxyferrylHb is triggered by interactions of multimeric hydropho-
bic aggregates recognized by innate receptors (Silva et al., 2009).
This disrupts membranes and triggers inflammation via an
IL-1/1L-1Ra signal transduction pathway. Heme, however, can
bind to TLR4 (Teng et al., 2009). The interaction with TLR4
induces activation of NF-κB (Lin et al., 2012).
PATHOLOGICAL EFFECTS ASSOCIATED WITH HEMOGLOBIN
OXIDATIVE REACTIONS
In attempting to evaluate the pathological effects of oxidative
reactions involving extracellular Hb, the first area to look at are
effects on the plasma lipoproteins and the vasculature, which Hb
comes directly in contact with.
LIPOPROTEINS AND THE VASCULATURE
Oxidation of low density lipoproteins (LDL) is thought to play
an important role in initiating atherogenesis (Steinbrecher et al.,
1984). The oxidation of LDL is triggered by the uptake of heme
by LDL. It has been reported that the LDL, which is highly
hydrophobic, is able to compete with hemopexin and albumin for
the free heme, with 80% of heme added to plasma immediately
taken up by lipoproteins (Miller and Shaklai, 1999). The LDL
oxidative reactions involve low levels of lipid hydroperoxides or
oxidants, which lead to oxidative degradation of the heme and the
release of heme iron (Sadrzadeh and Eaton, 1988). It is thought
that it is this free iron that results in the accelerated oxidation of
polyunsaturated fatty acids and other components of the LDL.
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The atherosclerotic plaques and particularly disruptured
plaques have been shown (Nagy et al., 2010) to lyse RBCs and
oxidize the released Hb producing metHb, free heme, free iron
and the Fe(IV)Hb oxidized product, oxyferrylHb. Dityrosine and
cross-linked hemoglobins produced as a result of the formation
of oxyferrylHb are also detected. In addition to the heme released
from metHb, it has been shown that heme is released from oxy-
ferrylHb. The enhanced release of heme and free iron due to the
interaction of plaque with RBCs further amplify the oxidation of
plaque components that results in cytotoxic reactions affecting
the endothelium (Nagy et al., 2010).
The oxidative reactions discussed are thought to primarily
involve the release of heme and iron. However, in vitro studies
have demonstrated that oxyferrylHb also acts as a proinflam-
matory agonist (Silva et al., 2009). In vitro studies have shown
that oxyferrylHb induces the formation of F-actin stress fibers
resulting in the formation of intercellular gaps disrupting the
integrity of the endothelium. This results in extravascular leak-
age. This leakage activates the κB family of transcription factors
inducing the expression of proinflammatory genes like E-selectin,
ICAM-1, and VCAM-1. In addition, oxyferrylHb activates the sig-
nal transduction pathways involving p38 MAPK and JNK. This
proinflammatory response was shown to increase EC permeabil-
ity and enhance monocyte adhesion. The combined oxidative
effects due to both metHb, oxyferrylHb, and free heme increase
oxidation of plaque lipids, while the proinflammatory effects of
oxyferrylHb trigger endothelial cytotoxicity. Together, these pro-
cesses play a significant role in the pathology associated with
atherosclerosis.
RENAL DYSFUNCTION
In addition to the oxidative reactions involving lipoproteins and
the vasculature, renal dysfunction is a major pathology that
results from oxidative reactions associated with extracellular Hb.
This pathology is triggered by the uptake of Hb dimers by the
kidney glomerulus. Hb dimers are formed from extracellular Hb
due to the dissociation of tetrameric Hb into dimers (Ackers and
Halvorson, 1974) at the reduced Hb concentration in plasma. The
reduced molecular weight of the Hb dimers (32-kD instead of 64-
kD) facilitates their transfer into tissues. However, the uptake of
Hb dimers is most pronounced in the kidney that is designed to
remove free Hb from the circulation.
As discussed above, the extensive RBC antioxidant system
severely limits oxidative reactions involving intracellular Hb. The
antioxidant capacity of plasma is appreciably less relative to that
of the RBCs. Nevertheless, the reducing ability of ascorbic acid
and urate in plasma results in relatively low levels of oxidized
Hb in plasma (Butt et al., 2010). Hb dimers translocated into the
kidney, experience amuch harsher oxidative environment as indi-
cated by the high levels of metHb in the urine when elevated cell
free Hb is present (Boretti et al., 2009). The increased Hb oxida-
tion in the kidney also results in the subsequent release of free
heme. Free heme in the kidney as well as other organs induce
heme oxygenase-1, which converts heme to bilirubin with antiox-
idant activities (Stocker et al., 1987). Excess heme in the kidney
as well as other organs and tissues produce a number of cytotoxic
effects.
The hydrophobic heme in cellular membranes can oxidize
lipids, denature proteins, and perturb the integrity of the attached
cytoskeleton. Heme can oxidatively denature DNA and impair
the activity of cytosolic enzymes including glucose-6-phosphate
dehydrogenase and glutathione reductase. Heme can also activate
cell-damaging enzymes such as caspases and cathepsins (Tracz
et al., 2007). Heme affects mitochondrial function with an initial
increase in respiration followed by a decrease and ultimate cessa-
tion of oxygen consumption (Nath et al., 1998). Even relatively
low levels of heme become cytotoxic in the presence of H2O2,
which can degrade the heme producing free iron.
In addition to the direct oxidative reactions involving the
heme, elevated heme levels have also been shown to have a proin-
flammatory effect (see above). Studies involving the vasculature
(Silva et al., 2009) suggest that metHb does not have a proin-
flammatory effect and that reported effects due to metHb (Liu
and Spolarics, 2003; Silva et al., 2009) can be due to endo-
toxin contamination. There is, however, clear evidence that heme,
which readily dissociates from metHb, does have a proinflam-
matory effect even in the absence of endotoxin (Fortes et al.,
2012).
The heme induced proinflammatory effect in the kidney
induces the chemokine monocyte chemo-attractant protein-1
(MCP-1) and transforming growth factor b1 isoform1 (TGF-
beta-1) by activating the redox sensitive transcription factor NF-
κB (Kanakiriya et al., 2003). The resultant increased levels of the
chemokines and other proinflammatory reactions, are thought
to contribute to tubule-interstitial disease (Qian et al., 2010),
decreased renal perfusion and intra-tubular casts formed by the
interaction of heme proteins with Tamm-Horsfall protein (Tracz
et al., 2007). Pathology of Tamm-Horsfall protein (Hoyer and
Seiler, 1979) can result in chronic renal dysfunction.
OTHER TOXIC EFFECTS DUE TO HEMOGLOBIN OXIDATIVE REACTIONS
While these effects are generally most pronounced in the kid-
ney, which plays a major role on removing the extracellular Hb
from the body, similar affects are observed in other tissues where
Hb is translocated from the plasma into tissues and exposed to
increased oxidative conditions. Proinflammatory effects of free
heme have been shown to induce up-regulation of adherence
molecules in other organs including the gut, liver, and pan-
creas (Wijayanti et al., 2004). This increased adherence results
in leukocyte recruitment and increased vascular permeability
(Wagener et al., 2001b). These effects are particularly relevant in
diseased and inflamed tissues or after an ischemic insult when
other oxidants are present in the tissue. Heme proinflammatory
effects have also been shown to induce programmed necro-
sis on macrophages (Fortes et al., 2012) and to be involved in
intracerebral hemorrhage (Simoes et al., 2013). In sickle cell
disease, it has been shown that heme released into the circula-
tion causes expression of endothelial adhesion molecules, which
results in increased adhesion of leukocytes and reticulocytes to
the endothelium (Wagener et al., 2001a). It has also been shown
that free heme precipitates severe malaria and particularly cere-
bral malaria (Ferreira et al., 2008). This is associated with the
disruption of the blood brain barrier and adhesion of infected
RBCs to the brain microvascular endothelium. These processes
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are thought to involve ROS, but the adherence could involve
the heme induced inflammatory response. In conclusion, the
combined effects of intrinsic oxidative reactions and oxidative
reactions triggered as a result of inflammation have an important
role in the pathology that results from increased concentrations
of extracellular Hb.
PHYSIOLOGICAL SOURCES FOR CELL FREE HEMOGLOBIN
Under normal conditions minimal lysis of RBCs occur before the
aged cells are removed from circulation. The level of cell free Hb
in circulation is, therefore, minimal. Increased levels of extra-
cellular Hb occur when the rate of RBC lysis increases and the
removal of extracellular Hb from circulation are slower than the
production of additional Hb from cell lysis.
Increased RBC lysis in vivo occurs due to one of two classes of
pathological situations.
(1) Modifications of the RBC that decrease its stability and
increase lysis as the cells flow through the circulatory system.
These changes generally involve alteration of the genes that con-
trol RBC production and function. This can affect the Hb, the
RBC membrane or enzymes required for proper function of the
RBC. For example, in Sickle Cell Anemia and Thalassemia the
altered Hbs are less stable resulting in increased intracellular
oxidative reactions that damage the cell membrane and increase
RBC lysis (Nagababu et al., 2008a). Sickle cell anemia involves
a mutation on the B6 residue that results in a tendency for the
hemoglobin to aggregate resulting in an appreciable shorter cell
lifetime (Wagener et al., 2001a). In Thalassemia, adequate levels
of the alpha chain or beta chain are not produced and thus there
is disruption of the stable quaternary structure of Hb (Kidd et al.,
2001), resulting in impaired stability and increased RBC lysis.
Examples of altered membrane structure are Hereditary
Spherocytosis and Hereditary Elliptocytosis, in which the shape
of the RBC is spherical and elliptical, respectively, instead of
the normal biconcave shaped cells (Da et al., 2013). The altered
cells are less deformable and have difficulty passing through the
narrow capillaries in the microcirculation resulting in increased
cell lysis. Paroxysmal Nocturnal Hemoglobinuria also results in
altered RBC membrane structure (Basu et al., 2010) that results
in increased clots in the veins.
Examples of altered enzyme activity that affect the ability
of RBCs to withstand oxidative stress are glucose-6-phosphate
dehydrogenase (G6PD) deficiency (Rochford et al., 2013) and
pyruvate kinase deficiency (Abdel et al., 2010). G6PD plays an
essential role in the phosphate shunt that helps maintain the RBC
antioxidant activity and pyruvate kinase is an essential enzyme
involved in glucose metabolism and the production of ATP. The
resultant altered metabolic activity results in increased oxidative
stress and increased cell lysis.
In vitro or in vivo processes that stress the RBC membranes
contribute to mechanical hemolytic anemia. This process is anal-
ogous to the increased lysis that occurs in certain abnormal
Hbs with altered cell shape (see above) and with sickle cell dis-
ease where the sickling produces a decrease in deformability. A
number of treatments used also mechanically stress the RBC
membrane and can induce increased lysis. This includes an arti-
ficial heart valve, hemodialysis for kidney failure, heart lung
bypass machine used for open-heart surgery, preeclampsia, and
malignant hypertension.
(2) Situations where the RBCs may be normal but diseases
cause the RBCs to be lysed. Autoimmune Hemolytic Anemia
(AIHA) is a situation where the immune systemmakes antibodies
that attack the RBC (Wakui et al., 1988). Although what trig-
gers AIHA is not known, certain diseases or infections involving
inflammation such as lupus, hepatitis, and HIV increase the risk
for AIHA. Alloimmune hemolytic anemia (Odabas et al., 2002)
involves antibodies made against blood obtained from a blood
transfusion, if the transfused blood is of a different type than
that of the patient. Drug-induced hemolytic anemia is induced
by certain medicines such as those used in chemotherapy or
medicines used to treat malaria. Many disease situations that
result in increased oxidative reactions/inflammation in specific
tissues can cause lysis of the RBCs when the RBCs come in con-
tact with these inflamed tissues. For example, RBC lysis is induced
when they come in contact with atherosclerotic tissue (see above).
The increased extracellular Hb resulting from hemolytic ane-
mia is amplified by the frequent infusion of blood to compensate
for the reduced RBC content and the resultant impaired delivery
of oxygen. The required infusion of blood is most pronounced
during surgeries that involve an appreciable loss of blood.
Initially prompted by the need for a source of blood available
in the battlefield where whole blood is not available, a number
of studies focused on the use of Hb based blood substitutes. The
Hb in these blood substitutes were modified to adjust the oxygen
affinity to that of whole blood and cross-linked forming higher
molecular aggregates to prevent the rapid removal of cell free Hb
by the kidneys. The initial failure to consider the difficulties asso-
ciated with cell-free Hb involving both NO complexation and
oxidative reactions resulted in very limited use of Hb based blood
substitutes until modification can be put in place to minimize
these serious side effects.
The two sources of blood that is currently in use involve
(1) stored whole blood collected from volunteers and (2) RBCs
obtained from an Autologous Blood Recovery System like “Cell
Saver” (Ottesen and Froysaker, 1982). Cell Saver blood is collected
from patients during surgeries involving a major loss of blood.
Since this Cell Saver blood has anticoagulant added, cells are
washed to remove excess anticoagulant, plasma, platelets, leuko-
cytes, and any free Hb. The washed and packed RBCs are then
suspended in saline to a 50% hematocrit and transferred to a
transfer pack for reinfusion when needed. If necessary, the rein-
fusion can occur less than 10min after the collection of the blood
(Keeling et al., 1983).
Blood, even in vivo, has a limited lifespan of 120 days. After
removal from the circulation there are metabolic and oxidative
changes that begin to take place immediately. To minimize these
effects blood is stored in a media that is supposed to minimize
these effects. Currently the FDA permits the use of stored blood
for 42 days. Recent studies, however, indicate increased oxidative
reactions as well as instability of the RBC membrane resulting in
increased rates of lysis and more rapid removal from circulation
well before 42 days storage (Wang et al., 2012).
Cell Saver RBCs are from patient’s fresh blood and there-
fore minimizes the major metabolic and oxidative difficulties
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associated with stored blood. However, recent studies (Gueye
et al., 2010) indicate that these cells are, nevertheless, suscepti-
ble to lysis and the production of extracellular Hb. Some of the
reported increase in lysis can be related to the fact that we are
using blood of patients with various diseases, which presumably
involve increased inflammation and oxidative stress.
Considering the major difficulties associated with extracellular
Hb, additional studies are crucial. For stored blood methods to
extend the stability of the stored RBCs are essential. For Cell Saver
blood cells where we are dealing with fresh blood it is essential to
identify the source for any increased lysis and develop methods to
minimize lysis and the formation of extracellular Hb.
ACKNOWLEDGMENTS
This research was supported (in part) by the Intramural Research
Program of the NIH, National Institute on Aging.
REFERENCES
Abdel, F. M., Abdel, G. E., Adel, A., Mosallam, D., and Kamal, S. (2010).
Glucose-6-phosphate dehydrogenase and red cell pyruvate kinase deficiency in
neonatal jaundice cases in egypt. Pediatr. Hematol. Oncol. 27, 262–271. doi:
10.3109/08880011003639986
Ackers, G. K., and Halvorson, H. R. (1974). The linkage between oxygenation and
subunit dissociation in human hemoglobin. Proc. Natl. Acad. Sci. U.S.A. 71,
4312–4316. doi: 10.1073/pnas.71.11.4312
Balla, G., Jacob, H. S., Eaton, J. W., Belcher, J. D., and Vercellotti, G. M.
(1991). Hemin: a possible physiological mediator of low density lipoprotein
oxidation and endothelial injury. Arterioscler. Thromb. 11, 1700–1711. doi:
10.1161/01.ATV.11.6.1700
Basu, S., Banerjee, D., Ghosh, M., and Chakrabarti, A. (2010). Erythrocyte
membrane defects and asymmetry in paroxysmal nocturnal hemoglobin-
uria and myelodysplastic syndrome. Hematology 15, 236–239. doi:
10.1179/102453309X12583347114095
Boretti, F. S., Buehler, P. W., D’Agnillo, F., Kluge, K., Glaus, T., Butt, O. I., et al.
(2009). Sequestration of extracellular hemoglobin within a haptoglobin com-
plex decreases its hypertensive and oxidative effects in dogs and guinea pigs.
J. Clin. Invest. 119, 2271–2280. doi: 10.1172/JCI39115
Bunn, H. F., and Jandl, J. H. (1968). Exchange of heme among hemoglobins and
between hemoglobin and albumin. J. Biol. Chem. 243, 465–475.
Butt, O. I., Buehler, P. W., and D’Agnillo, F. (2010). Differential induction of
renal heme oxygenase and ferritin in ascorbate and nonascorbate producing
species transfused with modified cell-free hemoglobin. Antioxid. Redox Signal.
12, 199–208. doi: 10.1089/ars.2009.2798
Cao, Z., Bell, J. B., Mohanty, J. G., Nagababu, E., and Rifkind, J. M. (2009). Nitrite
enhances RBC hypoxic ATP synthesis and the release of ATP into the vascula-
ture: a new mechanism for nitrite-induced vasodilation. Am. J. Physiol. Heart
Circ. Physiol. 297, H1494–H1503. doi: 10.1152/ajpheart.01233.2008
Da, C. L., Galimand, J., Fenneteau, O., and Mohandas, N. (2013). Hereditary sphe-
rocytosis, elliptocytosis, and other red cell membrane disorders. Blood Rev. 27,
167–178. doi: 10.1016/j.blre.2013.04.003
Deterding, L. J., Ramirez, D. C., Dubin, J. R., Mason, R. P., and Tomer, K. B.
(2004). Identification of free radicals on hemoglobin from its self-peroxidation
usingmass spectrometry and immuno-spin trapping: observation of a histidinyl
radical. J. Biol. Chem. 279, 11600–11607. doi: 10.1074/jbc.M310704200
Ferreira, A., Balla, J., Jeney, V., Balla, G., and Soares, M. P. (2008). A central role for
free heme in the pathogenesis of severe malaria: the missing link? J. Mol. Med.
(Berl.) 86, 1097–1111. doi: 10.1007/s00109-008-0368-5
Fortes, G. B., Alves, L. S., de Oliveira, R., Dutra, F. F., Rodrigues, D., Fernandez, P.
L., et al. (2012). Heme induces programmed necrosis on macrophages through
autocrine TNF and ROS production. Blood 119, 2368–2375. doi: 10.1182/blood-
2011-08-375303
Gonzales, R., Auclair, C., Voisin, E., Gautero, H., Dhermy, D., and Boivin, P. (1984).
Superoxide dismutase, catalase, and glutathione peroxidase in red blood cells
from patients with malignant diseases. Cancer Res. 44, 4137–4139.
Gueye, P. M., Bertrand, F., Duportail, G., and Lessinger, J. M. (2010). Extracellular
haemoglobin, oxidative stress and quality of red blood cells relative to
perioperative blood salvage. Clin. Chem. Lab. Med. 48, 677–683. doi:
10.1515/CCLM.2010.106
Hebbel, R. P. (1985). Auto-oxidation and a membrane-associated ‘Fenton reagent’:
a possible explanation for development of membrane lesions in sickle erythro-
cytes. Clin. Haematol. 14, 129–140.
Hoyer, J. R., and Seiler, M. W. (1979). Pathophysiology of Tamm-Horsfall protein.
Kidney Int. 16, 279–289. doi: 10.1038/ki.1979.130
Kanakiriya, S. K., Croatt, A. J., Haggard, J. J., Ingelfinger, J. R., Tang, S. S., Alam,
J., et al. (2003). Heme: a novel inducer of MCP-1 through HO-dependent and
HO-independent mechanisms. Am. J. Physiol. Renal Physiol. 284, F546–F554.
doi: 10.1152/ajprenal.00298.2002
Keeling, M.M., Gray, L. A. Jr., Brink, M. A., Hillerich, V. K., and Bland, K. I. (1983).
Intraoperative autotransfusion. Experience in 725 consecutive cases. Ann. Surg.
197, 536–541. doi: 10.1097/00000658-198305000-00006
Kidd, R. D., Baker, H. M., Mathews, A. J., Brittain, T., and Baker, E. N. (2001).
Oligomerization and ligand binding in a homotetrameric hemoglobin: two
high-resolution crystal structures of hemoglobin Bart’s (gamma(4)), a marker
for alpha-thalassemia. Protein Sci. 10, 1739–1749. doi: 10.1110/ps.11701
Lee, T. H., Kim, S. U., Yu, S. L., Kim, S. H., Park, D. S., Moon, H. B., et al. (2003).
Peroxiredoxin II is essential for sustaining life span of erythrocytes in mice.
Blood 101, 5033–5038. doi: 10.1182/blood-2002-08-2548
Lin, S., Liang, Y., Zhang, J., Bian, C., Zhou, H., Guo, Q., et al. (2012). Microglial
TIR-domain-containing adapter-inducing interferon-beta (TRIF) deficiency
promotes retinal ganglion cell survival and axon regeneration via nuclear
factor-kappaB. J. Neuroinflammation 9, 39. doi: 10.1186/1742-2094-9-39
Liu, X., and Spolarics, Z. (2003). Methemoglobin is a potent activator of endothe-
lial cells by stimulating IL-6 and IL-8 production and E-selectin membrane
expression. Am. J. Physiol. Cell Physiol. 285, C1036–C1046. doi: 10.1152/ajp-
cell.00164.2003
Miller, Y. I., and Shaklai, N. (1999). Kinetics of hemin distribution in plasma reveals
its role in lipoprotein oxidation. Biochim. Biophys. Acta 1454, 153–164. doi:
10.1016/S0925-4439(99)00027-7
Nagababu, E., Chrest, F. J., and Rifkind, J. M. (2003). Hydrogen-peroxide-induced
heme degradation in red blood cells: the protective roles of catalase and glu-
tathione peroxidase. Biochim. Biophys. Acta 1620, 211–217. doi: 10.1016/S0304-
4165(02)00537-8
Nagababu, E., Fabry, M. E., Nagel, R. L., and Rifkind, J. M. (2008a). Heme
degradation and oxidative stress in murine models for hemoglobinopathies:
thalassemia, sickle cell disease and hemoglobin C disease. Blood Cells Mol. Dis.
41, 60–66. doi: 10.1016/j.bcmd.2007.12.003
Nagababu, E., Gulyani, S., Earley, C. J., Cutler, R. G., Mattson, M. P., and Rifkind,
J. M. (2008b). Iron-deficiency anaemia enhances red blood cell oxidative stress.
Free Radic. Res. 42, 824–829. doi: 10.1080/10715760802459879
Nagababu, E., Mohanty, J. G., Friedman, J. S., and Rifkind, J. M. (2013).
Role of peroxiredoxin-2 in protecting RBCs from hydrogen peroxide-induced
oxidative stress. Free Radic. Res. 47, 164–171. doi: 10.3109/10715762.2012.
756138
Nagababu, E., and Rifkind, J. M. (1998). Formation of fluorescent heme degra-
dation products during the oxidation of hemoglobin by hydrogen perox-
ide. Biochem. Biophys. Res. Commun. 247, 592–596. doi: 10.1006/bbrc.19
98.8846
Nagababu, E., and Rifkind, J. M. (2000). Reaction of hydrogen peroxide with fer-
rylhemoglobin: superoxide production and heme degradation. Biochemistry 39,
12503–12511. doi: 10.1021/bi992170y
Nagy, E., Eaton, J. W., Jeney, V., Soares, M. P., Varga, Z., Galajda, Z., et al. (2010).
Red cells, hemoglobin, heme, iron, and atherogenesis. Arterioscler. Thromb.
Vasc. Biol. 30, 1347–1353. doi: 10.1161/ATVBAHA.110.206433
Nath, K. A., Grande, J. P., Croatt, A. J., Likely, S., Hebbel, R. P., and Enright, H.
(1998). Intracellular targets in heme protein-induced renal injury. Kidney Int.
53, 100–111. doi: 10.1046/j.1523-1755.1998.00731.x
Odabas, A. R., Tutucu, K. N., Turkmen, A., Keskin, H., and Sever, M. S. (2002).
Severe alloimmune hemolytic anemia after renal transplantation. Nephron 92,
743–745. doi: 10.1159/000064093
Ottesen, S., and Froysaker, T. (1982). Use of haemonetics Cell Saver for autotrans-
fusion in cardiovascular surgery. Scand. J. Thorac. Cardiovasc. Surg. 16, 263–268.
doi: 10.3109/14017438209101060
Qian, Q., Nath, K. A., Wu, Y., Daoud, T. M., and Sethi, S. (2010).
Hemolysis and acute kidney failure. Am. J. Kidney Dis. 56, 780–784. doi:
10.1053/j.ajkd.2010.03.025
Frontiers in Physiology | Oxidant Physiology January 2015 | Volume 5 | Article 500 | 6
Rifkind et al. Hemoglobin oxidative reactions
Rochford, R., Ohrt, C., Baresel, P. C., Campo, B., Sampath, A., Magill, A. J., et al.
(2013). Humanized mouse model of glucose 6-phosphate dehydrogenase defi-
ciency for in vivo assessment of hemolytic toxicity. Proc. Natl. Acad. Sci. U.S.A.
110, 17486–17491. doi: 10.1073/pnas.1310402110
Rother, R. P., Bell, L., Hillmen, P., and Gladwin, M. T. (2005). The clinical seque-
lae of intravascular hemolysis and extracellular plasma hemoglobin: a novel
mechanism of human disease. JAMA 293, 1653–1662. doi: 10.1001/jama.293.
13.1653
Sadrzadeh, S. M., and Eaton, J. W. (1988). Hemoglobin-mediated oxidant damage
to the central nervous system requires endogenous ascorbate. J. Clin. Invest. 82,
1510–1515. doi: 10.1172/JCI113759
Sadrzadeh, S. M., Graf, E., Panter, S. S., Hallaway, P. E., and Eaton, J. W. (1984).
Hemoglobin. A biologic fenton reagent. J. Biol. Chem. 259, 14354–14356.
Schaer, D. J., Buehler, P. W., Alayash, A. I., Belcher, J. D., and Vercellotti, G. M.
(2013). Hemolysis and free hemoglobin revisited: exploring hemoglobin and
hemin scavengers as a novel class of therapeutic proteins. Blood 121, 1276–1284.
doi: 10.1182/blood-2012-11-451229
Silva, G., Jeney, V., Chora, A., Larsen, R., Balla, J., and Soares, M. P.
(2009). Oxidized hemoglobin is an endogenous proinflammatory agonist
that targets vascular endothelial cells. J. Biol. Chem. 284, 29582–29595. doi:
10.1074/jbc.M109.045344
Simoes, R. L., Arruda, M. A., Canetti, C., Serezani, C. H., Fierro, I. M., and
Barja-Fidalgo, C. (2013). Proinflammatory responses of heme in alveolar
macrophages: repercussion in lung hemorrhagic episodes. Mediators Inflamm.
2013:946878. doi: 10.1155/2013/946878
Steinbrecher, U. P., Parthasarathy, S., Leake, D. S., Witztum, J. L., and Steinberg,
D. (1984). Modification of low density lipoprotein by endothelial cells involves
lipid peroxidation and degradation of low density lipoprotein phospholipids.
Proc. Natl. Acad. Sci. U.S.A. 81, 3883–3887. doi: 10.1073/pnas.81.12.3883
Stocker, R., Yamamoto, Y., McDonagh, A. F., Glazer, A. N., and Ames, B. N. (1987).
Bilirubin is an antioxidant of possible physiological importance. Science 235,
1043–1046. doi: 10.1126/science.3029864
Teng, W., Wang, L., Xue, W., and Guan, C. (2009). Activation of TLR4-
mediated NFkappaB signaling in hemorrhagic brain in rats.Mediators Inflamm.
2009:473276. doi: 10.1155/2009/473276
Tracz, M. J., Alam, J., and Nath, K. A. (2007). Physiology and pathophysiology of
heme: implications for kidney disease. J. Am. Soc. Nephrol. 18, 414–420. doi:
10.1681/ASN.2006080894
Wagener, F. A., Abraham, N. G., van Kooyk, Y., de Witte, T., and Figdor, C. G.
(2001a). Heme-induced cell adhesion in the pathogenesis of sickle-cell dis-
ease and inflammation. Trends Pharmacol. Sci. 22, 52–54. doi: 10.1016/S0165-
6147(00)01609-6
Wagener, F. A., Eggert, A., Boerman, O. C., Oyen, W. J., Verhofstad, A.,
Abraham, N. G., et al. (2001b). Heme is a potent inducer of inflammation
in mice and is counteracted by heme oxygenase. Blood 98, 1802–1811. doi:
10.1182/blood.V98.6.1802
Wakui, H., Imai, H., Kobayashi, R., Itoh, H., Notoya, T., Yoshida, K., et al. (1988).
Autoantibody against erythrocyte protein 4.1 in a patient with autoimmune
hemolytic anemia. Blood 72, 408–412.
Wang, D., Sun, J., Solomon, S. B., Klein, H. G., and Natanson, C. (2012). In reply to
Transfusion of older blood and risk of death: unanswered questions. Transfusion
52, 2724–2725. doi: 10.1111/j.1537-2995.2012.03913.x
Wijayanti, N., Katz, N., and Immenschuh, S. (2004). Biology of heme in health and
disease. Curr. Med. Chem. 11, 981–986. doi: 10.2174/0929867043455521
Winterbourn, C. C. (1995). Toxicity of iron and hydrogen peroxide: the Fenton
reaction. Toxicol. Lett. 82–83, 969–974. doi: 10.1016/0378-4274(95)03532-X
Zhang, L., Levy, A., and Rifkind, J. M. (1991). Autoxidation of hemoglobin
enhanced by dissociation into dimers. J. Biol. Chem. 266, 24698–24701.
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 10 September 2014; accepted: 02 December 2014; published online: 14
January 2015.
Citation: Rifkind JM, Mohanty JG and Nagababu E (2015) The pathophysiology of
extracellular hemoglobin associated with enhanced oxidative reactions. Front. Physiol.
5:500. doi: 10.3389/fphys.2014.00500
This article was submitted to Oxidant Physiology, a section of the journal Frontiers in
Physiology.
Copyright © 2015 Rifkind, Mohanty and Nagababu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
www.frontiersin.org January 2015 | Volume 5 | Article 500 | 7
